Abstract-Mefenamic acid is one of the active pharmaceutical ingredientsthat exhibit polymorphism. An experimental study has found that Form I of mefenamic acid is produced fromcooling crystallization with ethanol as a solvent. Hydrogen bonding is considered as the fundamental factor that controls the polymorphism of mefenamic acid in ethanol. This work, in essence, was performed to verify this using molecular dynamics simulation.The simulation was performed using COMPASS force field available in Material Studio package.The resultof the simulation showed strong hydrogen bonding between oxygen and hydrogen in the carboxylic group.The results of the Fourier transform infrared spectroscopy analysis confirmed the existence of O-H, C-O and C=O bonds. These findings proved the presence of hydrogen bondsthat leads to the formation of hydrogen motif in Form I of mefenamic acid during crystallization process using ethanol as a solvent.
I. INTRODUCTION
Mefenamic acid is a widely used non-steroidal anti-inflammatory and analgesic agent for the treatment of pain caused by menstrual disorders [1] and [2] . It was reported to exist in two polymorphic forms: Form I and Form II [3] , [4] . Theliterature crystallographic data of mefenamic acid Form I and Form II are shown in Table I [5] , [6] . Several researches have reported the effect of solventsonthe polymorphism of mefenamic acid [7] , [8] . Crystallization of mefenamic acid using ethanol as solvent to produce Form I was reported by Panchagnula and co-researchers [7] . However, the molecular insight into the hydrogen bonding interactions leading to the formation of Form I of mefenamic acid is yet to be investigated. The interactions can be investigated using molecular dynamics simulation method and confirmed with the Fourier transform infrared (FTIR) spectroscopy analysis. Molecular dynamics simulation method is a computational experiment conducted on a Manuscript received March 10, 2013 targeted molecular model with the aim to simulate the behavior of molecules [9] - [11] . From pharmaceutical point of view, molecular dynamics simulation plays an important role to increase an understanding of crystallization process and mechanism leads to production of different polymorphs [12] .Fourier transform infrared (FTIR) spectroscopy, on the other hand, is a recognized method used to obtain an infrared spectrum of absorption, emission, photoconductivity or Raman scattering of a solid, liquid or gas [13] . Based on the extensive literature review, a new approach is adopted in this study, which is based on molecular dynamics simulation and FTIR spectroscopy analyses for a mixture of mefenamic acid and ethanol. The aim of this work is to investigate the solute-solute, solute-solvent and solvent-solvent interactionsor hydrogen bonding network, which controls the self-assembly of mefenamic acid molecules in ethanol and consequently leads to the crystallization of mefenamic acid Form I. II. METHODOLOGY
A. Chemicals
Mefenamic acid powder with purity of 98% was purchased from Baoji Tianxin Pharmaceutical Co. Ltd., China. The ethanol used was ananalytical grade with 99.9% purity and supplied from Fisher Scientific.
B. Molecular Dynamics Simulation
The simulation work was performed in Material Studio 5.5 using HP Z400 workstation. The geometry optimization and energy minimization of mefenamic acid and ethanol molecules were performed using Smart minimizer. The cubical simulation box with periodic boundary for initial condition of pure ethanol and mixture of ethanol and mefenamic acid were constructed. The self-associations of the molecules were studied by using an initial random configuration of molecules in the simulation box of ethanol molecules. All the simulations were performed at ambient temperature and pressure. The intermolecular interactions for the molecules were described by the COMPASS force field [14] , which is an optimized force field for condensed phase applications. A 250 ps run in NVE ensemble was applied first for equilibration. Then, the system was simulated in the NPT ensemble using Nose [15] and Berendsen [16] for thermostat and barostat, respectively for 500 ps. The time step used is 1.0 fs. The equation of motions was integrated using Verlet algorithm with Ewald summation method to describe non-bonded energies in periodic system [17] . The trajectory files from the simulation were analyzed for radial distribution function (RDF). The partial labeling of molecules used in this simulation work for the purpose of molecular recognition is shown in Fig. 1 . Details of the simulation performed are summarized in Table II . The value of density for mefenamic acid/ ethanol mixture tabulated in Table I is calculated using Equation (1) [18].
where , is the density of solution, is the mass of solvent, is the mass of solute, is the density of solvent and is the density of solute. 
C. Preparation of Saturated Solution of Mefenamic Acid in Ethanol
Excess amount of mefenamic acid was added into 2 mL of ethanol at 25°C. The solution was continuously shaken at 300 rpm and maintained at 25°C for 24 hours. The solution was filtered using 0.45µm PTFE syringe filter and stored in a glass vial for analysis.
D. Crystallization from Ethanol
A saturated solution at 60°Cwas prepared by heating 1.14 g ofMA in 50 mL of ethanol in a 100 mL conical flask on a hot plate until dissolution, followed by natural cooling to25°C. The crystals produced were filtered and dried in an oven at 60°C . The crystals were periodically dried and weighed until constant weight was achieved. The dried crystals were stored in a screw cap glass vials for analysis [7] .
E. FTIR Spectroscopy Analysis
The FTIR spectra of the samples in a range of 500 to 4000 cm -1 were recorded using Perkin Elmer ATR-FTIR Spectrometer (Frontier) with an average of 16 scans.
III. RESULTS AND DISCUSSION

A. Molecular Dynamics Simulation
The RDFplot of pure ethanol in comparison with literature [19] is shown in Fig. 2 . The RDF plot is concurring with the literature and thus proves the validity of method used during the simulation process. In addition, the simulated density of pure ethanol, which is 0.781 g /cm 3 , shows a good agreement with the calculated value as its deviation is only 0.51%. As shown in Fig. 2 (a) and (b), the first peak observed for O1E•••H6E and O1E•••O1Eare at 1.75 Å and 2.75 Å , respectively. These peaks represent solvent-solvent intermolecular interaction and the strength of the interaction of the specified atom with its nearest neighbor. Based on these values, it can be affirmed that O1E•••H6E, which shows the nearest neighbor interaction, is stronger than O1E•••O1E.This reflects the strength of hydrogen bonding present in the structure of pure ethanol. The g(r) plot of solvent-solvent present inmefenamic acid/ ethanol solution, which is O1E•••H6E,is shown in Fig. 3 (a) . The probability of this interactionis higher than pure ethanol (Refer Fig. 2 (a) ). This is probably due to the differences in molecular self-assembly of solute-solute and solvent-solvent structures that are present in the solution, but are not present in the pure ethanol.
The probabilities of intermolecular interactions of solvent-solute and solute-solvent in mefenamicacid/ ethanol solution are shown as g(r) plot in Fig. 3(b) . As shown in the figure, the g(r) plots are structured except for N1MA•••H6E and O1E•••H14MA. O1E•••H13MA shows a sharp peak with the highest probability at 1.75Å. This results suggest that the association of mefenamic acid molecules in ethanol solution that leads to high solubility value is primarily through the hydrogen bonds formed byO1E•••H13MA interactions.
Reference [20] stated that prior to solute cluster formation, the phase separation of solvent-solvent and solute-solute interaction is presence in the mixtures. The formation of solute cluster, which leads to nucleation of a targeted polymorph, depends on the hydrogen bonding established between solute-solute molecules. As shown in Fig. 3 (c) , the hydrogen bonding between mefenamic acid molecules in the mixture are formed through intermolecular interaction between O1MA•••H13MA as asharpg(r) peak was observed at 1.75Å. According to [21] , the g (r) peaks with a sharp and nearest radial distance will contribute to significant intermolecular interactions during pre-nucleation event. Therefore, it can be suggested that, the intermolecular interaction between O1MA•••H13MA play an important roles during pre-nucleation of Form I of mefenamic acid that crystallized in ethanol.
B. FTIR Spectroscopy Analysis
The FTIR spectrum of pure ethanol, saturated solution of mefenamic acid/ ethanol and solid crystals of mefenamic acid are shown in Fig. 4, Fig. 5 and Fig. 6 , respectively. The spectrum illustrated in Fig. 4 shows the presence of hydrogen bonds in the chemical structure of pure ethanol that explains the polar protic characteristics of pure ethanol. The FTIR spectrum of mefenamic acid/ ethanol solution in Fig. 5 shows the presence of C-O, C-H, C=O, and O-H bonds. The presence of C=O and the shifting of the O-H bonds to 3376 cm -1 in the spectrum, indicatesthe availability of mefenamic acid in the solution. In addition, the peaks are relatively more intense than those in the pure ethanol. This indicates the bonds exist with higher strength in saturated solution of mefenamic acid/ ethanol as compared to pure ethanol. The FTIR spectrum in Fig. 6 shows the presence of C-O, C=C, C=O, O-H and N-H in mefenamic acid that crystallized in ethanol. This spectrum is consistent with IR adsorption spectra of Form I which was reported by previous studies [3] , [22] . Although the crystal of mefenamic acid produced in this work shows the presence of N-H bond, the bond is not detected in the IR spectrum of mefenamic acid/ ethanol mixture (Refer Fig. 5 ). This is probably due to the weak strength of the N-H band in the solution. These results are compliment to the molecular dynamics simulation result shown in Fig. 2 and Fig. 3 .
IV. CONCLUSION
The molecular recognition of the polymorphism of mefenamic acid Form I crystals in ethanol has been successfully revealed through molecular dynamics simulation.
The hydrogen bonding between O1MA•••H13MA is identified to be responsible for formation of hydrogen motif in mefenamic acid Form I. The results from FTIR analysis confirmed the existence of hydrogen bonds in mefenamic acid/ ethanol solution that leads to the nucleation of mefenamic acid Form I crystals. 
